Recent attempts at high-resolution sensory-stimulated fMRI performed at 1.5 T have had very limited success at demonstrating a somatotopic organization for individual digits. Our purpose was to determine if functional MRI at 4 T can demonstrate the sensory somatotopic map of the human hand. Sensory functional MRI was performed at 4 T in five normal volunteers using a low-frequency vibratory stimulus on the pad of each finger of the left hand. A simple motor control task was also performed. The data were normalized to a standard atlas, and individual and group statistical parametric maps (SPMs) were computed for each task. Volume of activation and distribution of cluster maxima were compared for each task. For three of the subjects, the SPMs demonstrated a somatotopic organization of the sensory cortex. The group SPMs demonstrated a clear somatotopic organization of the sensory cortex. The thumb to fifth finger were organized, in general, with a lateral to medial, inferior to superior, and anterior to posterior relationship. There was overlap in the individual SPMs between fingers. The sensory activation spanned a space of 12-18 mm (thumb to fifth finger) on the primary sensory cortex. The motor activation occurred consistently at the superior-most extent of the sensory activation within and across subjects. The sensory somatotopic map of the human hand can be identified at 4 T. High-resolution imaging at 4 T can be useful for detailed functional imaging studies.
INTRODUCTION
The magnitude of the BOLD (Ogawa et al., 1990) response increases with increasing field strength (Gati et al., 1997) , making functional MRI (fMRI) studies at high field strength more desirable for identifying subtle signal changes. This increase in percentage of signal change can be used to study subtle responses which are difficult to detect at lower field strengths or to increase the spatial resolution of fMRI studies. There have been many studies demonstrating the effectiveness of fMRI at 1.5 T for studying the sensorimotor cortex Jack et al., 1994; Lee et al., 1998; Maldjian et al., 1996; Puce et al., 1995; Pujol et al., 1996; Yousry et al., 1995) . The spatial resolution of many of these studies, however, has predominantly been limited to 3-4 mm in plane and usually of even lower resolution (4-10 mm) between slices. Although this is not necessarily an inherent limitation of the pulse sequences employed, the relatively small signal change observed with BOLD imaging at lower field strengths (1-5% at 1.5 T) has resulted in adopting these relatively low resolutions (compared to conventional imaging).
The somatotopic organization of the hand has been well demonstrated experimentally both in primates and in humans using electrical stimulation methods (Baumgartner et al., 1991; Kaas et al., 1983; Penfield and Boldrey, 1937; Woolsey et al., 1979) , as well as with magnetoencephalography (Baumgartner et al., 1991; Okada et al., 1984; Tecchio et al., 1997) . Recent highresolution sensory-stimulated fMRI performed at 1.5 T have had limited success at demonstrating a somatotopic organization for individual digits (Gelnar et al., 1998; Kurth et al., 1998) . The purpose of this study is to determine if high-resolution fMRI at 4 T can identify the sensory somatotopic map of the human hand.
MATERIALS AND METHODS
The subject population consisted of five normal righthanded volunteers (ages 28-40 years, mean 36 years, four males). All subjects were enrolled after signing of informed consent approved by the Institutional Review Board at our institution. Imaging was performed in a 1-m-bore 4-T magnet (Oxford Magnet Technology Ltd., Oxon, UK) interfaced to a GE Horizon console (General Electric Medical Systems, Milwaukee, WI), equipped with echospeed gradients for echo-planar imaging. Foam cushions were utilized to immobilize the head within the coil to minimize motion degradation. Imaging consisted of a spoiled grass (SPGR) sagittal localizer, followed by a T1-weighted acquisition of the entire brain performed in the axial plane (24 cm FOV, 256 ϫ 256 matrix, 3-mm slice thickness). This sequence was used both for anatomic overlays of the functional data and for spatial normalization of the data sets to a standard atlas. Functional imaging was performed in the axial plane using multislice gradientecho echo-planar imaging (24 ϫ 15 cm FOV, 128 ϫ 80 matrix, 3-mm thickness, no skip, 11 slices, TR ϭ 2000, TE ϭ 30). This sequence delivered an effective voxel resolution of 1.875 ϫ 1.875 ϫ 3 mm. The imaging volume was chosen by a neuroradiologist from the anatomic T1-weighted images such that the upper portion of the volume (first two slices) included the hand motor area as identified using gyral surface landmarks and standard neuroanatomic criteria (Berger et al., 1990; Iwasaki et al., 1991; Rumeau et al., 1994; Sobel et al., 1993) . Functional imaging was performed using a simple 20 s on, 20 s off paradigm, with a total imaging time of 5-8 minutes per run (8 or 12 total cycles).
A motor paradigm was also employed as one of the runs using a self-paced ball-squeezing paradigm (left hand, 20 s on, 20 s off). This task was used both as a control to demonstrate activation using a robust paradigm and as an internal control for identifying the motor cortex. This was followed by the sensory stimulation paradigms. The sensory stimulus was delivered using an MRI-compatible piezoceramic stimulator (Sherrick, 1975) attached to the pad of the finger being stimulated. The stimulator was developed with an 8-mm vibrating contact point which could be placed selectively on the pad of any digit. Separate runs were performed for the digital pad of each finger of the left hand. The sensory stimulator was developed in-house, with a computer controlled front end for controlling the timing and vibrational frequency of stimulus delivery. The stimulus was delivered using a 20 s on, 20 s off paradigm, with the vibrational frequency alternating between 15 and 30 Hz every 5 s during the on period. This alternation of frequency during the on period was used to minimize adaptation to the stimulus (Hahn, 1966) during the on period.
The fMRI raw echo amplitudes were saved and transferred to a SUN Ultrasparc60 (SUN Microsystems, Mountain View, CA) for offline reconstruction using in-house software developed in IDL (Research Systems Inc., Boulder, CO). Correction for image distortion and alternate k-space line errors was performed on each image on the basis of data acquired during phaseencoded reference imaging. This distortion correction sequence helps to improve the registration between the echo-planar images with the corresponding structural images (Alsop, 1995) . Statistical parametric maps (SPMs) were generated using SPM96 (Friston et al., 1991 (Friston et al., , 1994 (Friston et al., , 1995b (from the Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab (Mathworks inc. Sherborn MA), with an IDL interface. The IDL interface was developed in-house in collaboration with the UMDNJ fMRI lab (Newark, NJ). The T1-weighted images were normalized to a standard atlas (Talairach and Tournoux, 1988) within SPM96 (Friston et al., 1995a) . The functional data sets were motion corrected (intrarun realignment) within SPM96 using first and second order motion correction, as well as a first order correction for spin history, using the first image as the reference (Friston et al., 1995a) . The functional data sets were normalized to Talairach space using image header information to determine the 16-parameter affine transform between the functional data sets and the T1-weighted images (Maldjian et al., 1997) , in combination with the transform computed within SPM96 for the T1-weighted anatomic images to Talairach space. The normalized data sets were resampled to 2 ϫ 2 ϫ 3 mm within Talairach space using sync interpolation. A second realignment step (interrun realignment) was then performed (within SPM96) between successive normalized runs within each subject, using the initial normalized run as the target. This was done to eliminate motion between the successive runs within each subject. The data sets were smoothed using a 4 ϫ 4 ϫ 6-mm FWHM Gaussian smoothing kernel, and SPMs were generated using the general linear model within SPM96 (Friston et al., 1990 (Friston et al., , 1995b . A 6-s time-shifted boxcar waveform was used as the reference paradigm, and the ANCOVA model with global activity as a confound was employed for the statistical analysis. In addition, high-pass and low-pass filters were employed as confounds within the analysis. The resulting set of images represent statistical parametric maps of the t statistic SPM5t6. Individual SPMs were generated for every run for each subject. The SPM5t6 were transformed to the unit normal distribution SPM5Z6 and thresholded at a P Ͻ 0.01. Group SPMs were also constructed across subjects for each condition. For the group maps, the realigned normalized data sets were smoothed using a 7-mm FWHM isotropic Gaussian kernel before generating the SPMs. The larger smoothing kernel was employed to help minimize differences in normalization between subjects. The group SPMs were thresholded for a P Ͻ 0.05. The thresholded SPMs were overlaid onto the anatomic normalized images for display within IDL. In comparing activation foci between different fingers, both the volume of activated clusters and the location of the local maxima within clusters were used.
RESULTS
Imaging time for each subject took approximately 1.5-2 h. Due to the large size of the data sets (120 Mbyte of raw data per run), there was a delay of approximately 5-8 min between successive runs to allow time for the data sets to be copied from the system hard drive to DAT tape. One of the motor runs and three of the sensory runs for different subjects were truncated due to technical factors resulting from limited disk storage on the scanner.
In the four subjects in whom the motor runs were reconstructed, robust motor activation was clearly demonstrated in the hand-motor area within the selected imaging volume. Eighteen of the 22 sensory runs (3 runs lost due to insufficient disk space) demonstrated significant activation in the sensory cortex at the P Ͻ 0.05 level, with many runs showing greater significance (9 at P Ͻ 0.001 and 8 at P Ͻ 0.01). In four of the runs, no sensory activation was identified at these thresholds. All of these runs occurred in the same subject. Severe image distortions were noted in this subject's reconstructed data due to dental artifact, so his sensory runs were not included in the group analysis.
The individual sensory SPMs demonstrated activation within the primary sensory cortex. The sensory activation within subjects was consistently identified inferior (in the z dimension) to the motor activation. The motor activation was more robust and spanned a larger area, with overlap into the sensory activation regions.
For three of the subjects, the SPMs demonstrated a somatotopic organization of the sensory cortex. The thumb to fifth finger were organized, in general, with a lateral to medial, inferior to superior, and anterior to posterior relationship. The index finger and thumb demonstrated larger activation volumes than the remaining fingers in three of the subjects (at the P Ͻ 0.001 thresholds). There was overlap within subjects for the sensory activation between the different fingers. Figure  1 demonstrates the individual SPMs for one of the subjects in whom a somatotopic distribution was identified. The images are displayed overlaid on this subject's T1-weighted images in Talairach space. The sensory activation in this subject can be seen to move progressively more superiorly through the imaging volume between the thumb and fifth finger (with overlap), and the motor activation is located at the superior-most FIG. 1. Individual SPMs for subject 1. Rows are labeled for motor (m) and each finger (f1-f5). Maps are thresholded at P Ͻ 0.001 and displayed on this subject's Talairach normalized T1-weighted images at 3-mm intervals. Arrows mark activation maxima for each run. Note that clusters are represented in three dimensions, and contiguous slices can display the same cluster (i.e., in f2, there is only one cluster in the right sensory cortex, with the arrow pointing to the maximum). The index finger demonstrates the largest activation cluster and spans a larger distance than the other fingers. The sensory activation moves progressively superiorly through the volume with overlap between f1-f3 and f4-f5. Note that the motor activation is located at the superior-most extent of the sensory activation. extent of the sensory activation. Within individual subjects, occasional ipsilateral activation within the primary sensory cortex for some of the digits as well as spurious activations within the prefrontal regions bilaterally were observed. These can be noted in Fig. 1 . The majority of these activations, however, were not found to be significant on the group maps and were therefore not characterized further.
The group SPMs demonstrated a somatotopic organization of the primary sensory cortex across subjects. Again, the sensory activation was located inferior to the group motor activation. Table 1 lists the Talairach coordinates for the cluster maxima from the group SPMs. Also listed are any secondary maxima present within clusters (which occurred for the second and fifth fingers and motor task). From Table 1 , it can be seen that the sensory activation maps follow a somatotopic distribution with the z coordinate moving progressively more superiorly through Talairach space for the first through fourth fingers. It can also be seen that the sensory activation moves progressively medially (decreasing x coordinate) and posteriorly (decreasing y coordinate) for the first through fourth fingers. The activation map for the fifth finger demonstrated two maxima within the activation cluster. The primary maximum overlaps the region for the second and third fingers. The secondary maximum occurs more superiorly. With a slightly more stringent threshold (P Ͻ 0.01), these clusters can be separated. Using this more stringent cutoff for separation of the secondary maximum, the somatotopic distribution is maintained for all five fingers, moving progressively superiorly through Talairach space. The activation for the thumb was located approximately 12-18 mm inferior to that for the fourth and fifth fingers. In the group SPM, the index finger activation spanned a larger area than the remaining fingers. Figure 2 demonstrates these relationships. The images are displayed at 3-mm intervals in Talairach space. The images for the fifth finger are displayed at the slightly more stringent threshold of P Ͻ 0.01 in order to separate the primary and secondary maxima into discreet clusters. Figure 3 demonstrates the maximum activation for each task, with corresponding relative slice positions. The maximal activation for the thumb is used as the reference slice, labeled 0 mm. Activation for the index finger is broader, with the cluster peak mapping medial to and 6 mm above that for the thumb. The activation for the third finger occurs 9 mm superior to that for the thumb, and the fourth and fifth fingers occur at 12 and 18 mm above that for the thumb, respectively. The activation is also noted to move progressively more medially over the primary sensory cortex. The motor activation is located 12 mm above that for the thumb. It spans both motor and sensory cortex, with the bulk of the activation located over the postcentral gyrus (primary sensory) and posterior aspect of the precentral gyrus (primary motor).
DISCUSSION
One of the advantages long touted for fMRI over nuclear medicine techniques has been the improved spatial resolution offered by fMRI. Despite this theoretical advantage, most fMRI studies to date have been limited to voxel resolutions on the order of modern SPECT imaging (4 mm). Although the echo-planar pulse sequences used for functional imaging can achieve greater resolutions with acceptable temporal resolution, there is an inherent tradeoff with signal to noise. Functional MR imaging is already working at the limitation of relatively small signal differences between baseline and activated states (1-5%). Any further decrease in signal to noise by going to higher resolutions might make it difficult to detect activations more subtle than those from simple motor and visual studies. This limitation can be overcome with higher field strength, which provides greater signal to noise and improved percent signal change for activation studies. This improvement can be critical in the evaluation of detailed mapping studies and for subtle activation studies.
Our sensory paradigm employed vibratory stimulation of the fingertips. Vibratory or mechanical stimulation is mediated via the dorsal column-medial lemniscal pathway (Kandel and Jessell, 1991) . Fibers ascend in the dorsal columns of the spinal cord, to synapse in the medulla and decussate. After decussating, the fibers ascend in the medial lemniscus to synapse in the thalamus (ventroposterolateral nucleus, or VPL). The sensory fibers then ascend through the internal capsule to the primary sensory cortex. This pathway is distinct from that for pain and temperature sensation (spinothalamic tract) which projects to the VPL, midbrain, and pontine and medullary reticular formations. This is, Note. M, motor; f1-f5, first finger, second finger, etc.; Z, maximum Z score.
a Secondary maxima were present (listed beneath primary maximum).
b Volumes in parentheses indicate cluster sizes at P Ͻ 0.01 threshold.
however, a simplistic view of the sensory pathways. More recent work has demonstrated that within the primary sensory cortex, there is a further organization of the neurons into four banks located anterior to posterior on the sensory cortex.
The primary somatosensory cortex (S-I) contains four distinct cytoarchitectronic regions (Brodmann areas 3a, 3b, 1, and 2) (Kaas et al., 1979 (Kaas et al., , 1983 Kandel and Jessell, 1991) . The thalamus sends projections to all these areas; however, the majority go to areas 3a and 3b, which are closest to the central sulcus. Neurons in areas 3a and 3b project to areas 1 and 2, and all of these send projections to secondary somatic sensory cortex (S-II). In the original human electrophysiologic stimulation studies performed by Penfield and Boldrey (1937) , only a single somatotopic organization of the primary sensory cortex (S-I) was elucidated. Since that time, fine-resolution mapping performed in primates using microelectrodes has revealed that there are actually four independent and fairly compete maps in each of the Brodmann areas of the primary sensory cortex (Kaas et al., 1979) . The resolution of current functional MR imaging does not approach that required for elucidation of these independent somatotopic maps.
In addition to invasive methods of identifying the primary sensory cortex distribution, noninvasive methods using electroencephalography with sensory evoked potentials (Baumgartner et al., 1993; Buchner et al., 1994; Sutherling et al., 1992) and magnetoencephalography (Baumgartner et al., 1991 Okada et al., 1984) have been utilized. In a recent MEG study of normal volunteers, stimulation of the contralateral median nerve, thumb, and fifth finger were performed (Tecchio et al., 1997) , with measurement of the cortical equivalent current dipoles (ECDs). The boundaries of the hand cortical representation on the primary sensory cortex between the thumb and fifth finger was determined to be 12 and 17 mm for N20 m and P30 m components.
Our study does not represent the first attempt at demonstrating the somatotopic organization of the human hand using fMRI. Using a similar vibratory stimulus to the pads of the first, second, and fifth digits, a recent functional MRI study of somatosensory activa-
FIG. 2.
Group averaged SPMs. Rows are labeled as in Fig. 1 . Maps are thresholded at P Ͻ 0.05 and displayed on Talairach-normalized T1-weighted images at 3-mm intervals. Arrows mark activation maxima for each run. For f5, arrow marks secondary maximum, although cluster is contiguous over six slices. Sensory activation moves progressively superiorly, medially, and posteriorly for f1-f5 (see Table 1 ). The index finger (f2) demonstrates the largest activation cluster. The motor activation is located superior to the sensory activation.
tion was unsuccessful at demonstrating the medial to lateral somatotopic organization of the somatosensory cortex (Gelnar et al., 1998) . Activations were demonstrated, however, within manually defined anatomic subdivisions of areas 3a and 3b and areas 1 and 2 of S-I. Several differences in our respective studies may help to explain why we were able to demonstrate a somatotopic organization within individual maps and, more importantly, in the group data. In the study performed at 1.5 T, images were acquired in the coronal plane using a surface coil. Although in-plane resolution was similar for both studies (albeit for different imaging planes), our through-plane resolution was much better (3 vs 6.5 mm), giving us higher voxel resolution. We performed stimulation of all the digits, which permits a more detailed organization of the somatosensory cortex to unfold. Our postprocessing methods differ considerably as well. In this regard, our use of first and second order motion correction algorithms with corrections for spin history, as well as both intra-and interrun realignment, improves spatial localization accuracy across runs and between subjects for more accurate group averaging. Also the much higher field strength (4 vs 1.5 T) used for our study may provide the added signal to noise necessary for consistently detecting subtle activations. In another recent fMRI study, using a gradientecho technique, imaging was performed with electrical stimulation of the first and fifth digits (Kurth et al., 1998) . This study demonstrated limited success in a small subset (4 of 20) of the subjects in identifying the expected somatotopic distribution between these two fingers. Slice coverage, however, was limited to three slices because of the gradient-echo technique, with an effective through-plane resolution of 6 mm.
In this study, we demonstrate the somatotopic sensory distribution of the human hand using highresolution fMRI at 4 T. This image resolution compares favorably with the resolution achievable with invasive stimulation studies, which is limited by the spacing the neurosurgeon can achieve between the leads of the stimulation probe tip. This separation is nominally on the order of 3-5 mm (compared with Ͻ2 mm for this study).
Although the somatotopic distribution was demonstrated in several of the individual subjects, it is most clearly demonstrated in the group activation maps. The lack of demonstration within all subjects is likely due to overlap in sensory distribution for individual fingers, as well as the relatively low level of the sensory activation (compared to motor). The vibratory sensory stimulus used was relatively small, spanning less than a 1 cm diameter. Although there was some passive motor stimulus present inherent with the vibratory stimulus, the resulting sensory activation was very well localized to the primary sensory cortex. In contrast, the motor activation was broad, spanning both motor and sensory cortex. The motor activation was, in fact, more localized to the postcentral gyrus (primary sensory cortex), with only a portion on the posterior aspect of the primary motor cortex. This was observed for the motor activation in all the subjects. Although the motor paradigm (squeezing a rubber ball) inherently has a sensory component to it, the bulk of the activation on the sensory cortex was unexpected. A similar observation has been recently reported in the literature using a sponge-squeezing motor paradigm (Lee et al., 1998) . In studies which we have performed for presurgical mapping, we have noted that the broad nature of the motor activation can span several gyri. With much of the motor activation over the postcentral gyrus, there is even potential for misidentification of the primary motor cortex. The localized nature of the sensory activation may be a more accurate method of identifying the sensory and motor cortex for presurgical mapping studies.
The sensory distribution which we identified from the group SPMs spans a space of approximately 12-18 mm on the primary sensory cortex, with approximately 18 mm between the maximum activation foci for the thumb and fifth finger (using the secondary maxima for the fifth finger). The activation moves progressively more medially on the primary sensory cortex from thumb to fifth finger. There is, however, considerable overlap between the fingers demonstrated within each subject. Invasive methods for mapping sensory cortex use either electrical stimulation or electrophysiologic recording, both of which represent different forms of stimulation than the vibratory stimulation employed for this study. Despite these differences, the spacing and distribution of activation which we identified are in agreement with the classic sensory homunculus identified using invasive mapping techniques (Nii et al., 1996; Penfield and Boldrey, 1937; Woolsey et al., 1979) , as well as with recent MEG data (Tecchio et al., 1997) .
In this study, the distribution of the motor activation was not parallel to the sensory distribution. Rather, we found that the motor activation occurs at the superiormost extent of the sensory activation region for the human hand (approximately 1-2 cm above that for the thumb). This was a consistent finding both within and across subjects. In the report by Woolsey et al. (1979) , using invasive stimulation methods, the precentral motor face-arm boundary was 1-2 cm higher than the corresponding postcentral sensory boundary. This finding is also in agreement with more recent invasive stimulation data (Nii et al., 1996) .
The somatotopic organization of the human hand can be demonstrated using fMRI at 4 T at resolutions equivalent to or better than that for surgical mapping. The sensory distribution spans a distance of 12-18 mm between the thumb and fifth finger, with motor activation located approximately 1-2 cm superior to the thumb sensory activation. The increased sensitivity of fMRI at 4 T can be utilized for detailed mapping studies, which may have impact for both subtle sensory and cognitive studies, and in the realm of careful presurgical planning.
